The Xiajinbao gold deposit is a medium-sized gold deposit in the Jidong gold province. Ore bodies mainly occur within the Xiajinbao granite porphyry and along the contact zone between the intrusion and Archean plagioclase hornblende gneiss. The zircon LA-ICP-MS age of the Xiajinbao granite porphyry yields 157.8 ± 3.4 Ma, which reflects the metallogenic age of the gold mineralization. Its petrographic features, major and trace element contents, zircon Hf isotopic model ages and compositional features all demonstrate that the Xiajinbao granitic magma is derived from partial melting of the Changcheng unit. The results of H-O isotopic analyses of auriferous quartz veins indicate that the ore-forming fluids are derived from magmatic waters that gradually mixed with meteoric waters during the evolution of the ore-forming fluids. S-Pb isotopic data indicate that the ore-forming fluids were mainly provided by the magma and by plagioclase hornblende gneisses. The gold metallogeny of the Xiajinbao gold deposit is temporally, spatially, and genetically associated with the high-K calc-alkaline-shoshonitic granitic magma emplaced during the Yanshanian orogeny and intruding the Archean plagioclase hornblende gneisses. These magmatic events mainly occurred during the period of 223-153 Ma and comprise three peak periods in the late Triassic (225-205 Ma), the early Jurassic (200-185 Ma) and the middle-late Jurassic (175-160 Ma), respectively. The metallogenic events in this area mainly occurred during the period of 223-155 Ma with the peak periods during the late Triassic (223-210 Ma) and the middle-late Jurassic (175-155 Ma), respectively. Both mineralization and magmatism occurred in a post-collisional tectonic setting related to the collision between the Mongolian plate and the North China plate at the end of the Permian. The magmatism of the early Jurassic occurred during the collision between the Siberian plate and the Mongolian plate, which caused the thickening and melting of the northern margin of the North China plate. The middle and late Jurassic magmatism and metallogenic activities are products of crustal thickening and partial melting during the Yanshanian intra-continental orogeny at the northern margin of the North China plate.
and Ordovician strata comprise a set of platform-type neritic-facies sediments, which have a faulted contact with the underlying middle-upper Proterozoic strata. The Permian strata comprise a set of intra-continental basin sediments, which are mainly composed of fluvial-, lacustrine-, and swampfacies and coal-bearing clastic rocks and continental red beds. Folding is observed in the Archean crystalline basement. The early stage folding is characterized by tight homoclinal overturned folds with axial plane of the N-S-trending and west-dipping. The latestage folding is characterized by open folds with axial plane of the SE or ENE trending and westdipping [18] . Since the Triassic, the area experienced several tectonic cycles, including the Indo-China tectonic cycle, the Yanshanian tectonic cycle and the Himalaya tectonic cycle. The main fold in the area is the EW-oriented Malanyu anticlinorium, which formed during the late Jurassic. The faults in this area can be divided into three categories based on their time of formation and tectonic setting: (1) Archean faults, which represent the products of the intensive ductile compression and deformation of strata; (2) Faults that formed during the Proterozoic-Paleozoic and reactivated faults that formed during the Archean, including EW-striking compressive faults, N-S extensional faults and NE or NW-striking faults that formed under SN directed compression; (3) Faults that have formed since the Mesozoic are represented by NE-NNE compressional faults as well as NW extensional faults. The intrusions of the Jidong area are mainly presented by an arc-shaped belt. These intrusions mainly formed during the neo-Archean-Proterozoic, and the Triassic-Jurassic. The neo-Archean Shuichang granite has been dated at 3000 Ma [4] . The Yangyashan granite is dated at 2980 Ma [4] . The gray gneisses at Caozhuang and Huangbaiyu are dated ta 3300 Ma [4] . The Triassic magmatic rocks mainly occur in the eastern part of the Jidong area, such as the Dushan complex (210-223 Ma) [19] . The Yanshanian intrusions are widely distributed in this area and include the Wangpingshi monzonite granite (162.3 ± 1.3 Ma) [20] , the Qianfenshuiling monzonite granite (153.8 ± 2.7 Ma [20] , the Maoshan monzonite granite (162.7 ± 1.5 Ma) [20] , the Tangzhangzi granite porphyry (173 ± 2 Ma) [21] and the Yuerya granite (174-175 Ma) [19] , respectively. [4] and Song et al. [5] ).
Ore Deposit Geology

Host Rocks and Structures
The Archean Lamagou Formation of the Qianxi Group represents the oldest strata in this area ( Figure 2 ). These strata are dominated by gray plagioclase hornblende gneiss steeply dipping to the NW at angle between 64 • -86 • . The schistosity strikes at about 50 • . The intermediate to basic lavas that formed on the seafloor experienced Archean regional metamorphism which produced the basement gneisses. Fractures and folds are well developed. Folds mainly occur as dome structures, with well-developed interlayered detachment zones. The fractures can be divided into 3 groups: (1) NE-NNE-striking; (2) EW-striking; and (3) SN-striking. The granite emplacement is controlled by the NE-NNE-striking faults. Its Riedel structures control the mineralization.
The Xiajinbao intrusion mainly intruded into the Archean-Jurassic strata, which have porphyritic texture. The phenocrysts mainly comprise quartz, K-feldspar and minor plagioclase. The matrix mainly comprises fine-grained K-feldspar and quartz. The K-feldspar content in the rock ranges from 35-40 vol %. The phenocrysts have a hypidiomorphic crystals. The accessory minerals include zircon and apatite. The plagioclase content of the rock is approximately 30 vol %. Plagioclase phenocrysts mainly occur as hypidiomorphic platy phases crystals, with polysynthetic and Carlsbad twinning, locally with sericite and kaolinite alteration. Quartz represents 25-30 vol % of the rock and fills the spaces between other mineral grains. Biotite comprises approximately 3 vol % of the total rock. 
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Ore Bodies, Ore Types and Mineralogy
The Xiajinbao gold deposit consists of 28 individual satellite ore bodies. The ore bodies are distributed in parallel veins within an area that is approximately 700 m long and 400-600 m wide; these ore bodies are mainly NE-striking and, more rarely, NNE-striking. The ore bodies dip to the NW, and they pinch and swell in places ( Figure 3 ). The average thickness of the ore bodies is 3.02 m; they have maximum grades of 7.5 g/t, minimum grades of 1.05 g/t, and averaging 1.91 g/t of gold.
The Xiajinbao gold deposit is dominated by disseminated sulfide ores and quartz vein-type ores, with the disseminated ore commonly distributed on both sides of the quartz veins ( Figure 4 ). The main ore minerals include native gold, electrum, pyrite, chalcopyrite, galena, sphalerite and minor tetrahedrite and molybdenite. The gangue minerals include quartz, sericite, kaolinite, carbonates, and fluorite. There are two types of gold mineralization in the area. One type occurs in the form of freemilling native gold and electrum. Another type occurs as refractory gold in pyrite, galena and sphalerite [22] . The observed ore textures include idiomorphic-hypidiomorphic, allotriomorphic, replacements, exsolutions, inclusions, and fissure-filling textures (Figure 4 ), respectively. 
The Xiajinbao gold deposit is dominated by disseminated sulfide ores and quartz vein-type ores, with the disseminated ore commonly distributed on both sides of the quartz veins ( Figure 4 ). The main ore minerals include native gold, electrum, pyrite, chalcopyrite, galena, sphalerite and minor tetrahedrite and molybdenite. The gangue minerals include quartz, sericite, kaolinite, carbonates, and fluorite. There are two types of gold mineralization in the area. One type occurs in the form of free-milling native gold and electrum. Another type occurs as refractory gold in pyrite, galena and sphalerite [22] . The observed ore textures include idiomorphic-hypidiomorphic, allotriomorphic, replacements, exsolutions, inclusions, and fissure-filling textures (Figure 4 ), respectively. 
Alteration Assemblages
Different types of hydrothermal alteration are well developed in the Xiajinbao gold deposit and mainly include potassic alteration, sodium alteration, silicification, sericitization, kaolinization, fluoritization and carbonization. Associated ore minerals include pyrite, galena, sphalerite, chalcopyrite, tetrahedrite, and molybdenite. Silicification, sericitization, and pyritization are most intimately related to the gold mineralization. The highest grades occur within zones of silicification and sericitization.
Mineral Paragenesis
Based on previous studies regarding the overprinting relations hips between ore-bearing veins and ore minerals (Figure 4h -j), the metallogenic processes can be grouped into three stages: the quartz-pyrite stage (Stage 1), the quartz-galena-sphalerite stage (Stage 2) and the quartz-polymetallic sulfide (pyrite, chalcopyrite, galena, sphalerite, and tetrahedrite) stage ( Figure 5 ).
The quartz-pyrite stage (Stage 1): the quartz veins of Stage 1 are mainly recorded within the contact zone between the altered granitic intrusion and the wall rocks. The veins commonly have banded textures. The ore minerals include xenomorphic electrum and native gold. The gold is mainly distributed in fissures within pyrite. Pyrite mainly occurs in quartz veins.
The quartz-galena-sphalerite-pyrite stage (Stage 2): the quartz veins of the second stage also occur in the contact zone between the altered granite porphyry and the wall rocks. The ore minerals include hypidiomorphic grains of pyrite, sphalerite, galena, more rarely, electrum and native gold. Galena replacing sphalerite and sphalerite replacing pyrite are also observed. Most of the gold is distributed in fissures within pyrite, and more rarely, within sphalerite and galena. Rare gold inclusions occur in other sulfides.
The quartz-polymetallic sulfide stage (pyrite, chalcopyrite, galena, sphalerite, tetrahedrite) (stage 3): these quartz veins occur in the contact zone between the altered granite porphyry and the wall rocks as individual veins or stockworks. The ore minerals include hypidiomorphic granular pyrite, sphalerite, galena, chalcopyrite and tetrahedrite. Galena replacing sphalerite, sphalerite replacing pyrite, and tetrahedrite replacing chalcopyrite are also observed. 
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Sample Sites
Samples of granite porphyry were collected for major element analysis from locations shown on Figure 2 . The positions of five samples for REE and trace element analyses are also shown on Figure 2 . Table 1 . The 8 samples for S isotope analyses and five samples for Pb isotope analyses are collected from positions detailed in Table 2 . 
Testing Methods
Major and trace element analyses were conducted at the ALS Laboratory Group Analytical Chemistry and Testing Services (Guangzhou, China). Major oxide concentrations were measured with an X-ray fluorescence (XRF) spectrometer. Fused glass disks with lithium borate were used, and the analytical precision is better than ±0.01%, referring to standards GSR-2 and GSR-3. The trace element concentrations were determined by ICP-MS. Using United States Geological Survey (USGS) rock standards (basalt, Columbia River 2 [BCR-2], basalt, Hawaiian Volcanic Observatory 1 [BHVO-1], and andesite [AGV-1]), the precision and accuracy are better than ±5%. The detailed analytical methods and procedures are described in Zhou et al. [23] .
Cathodoluminescence (CL) images of the zircons were taken with a JEOL-JXA-8100 electron microprobe (JEOL Ltd., Tokyo, Japan) at GeoAnalysis Co Ltd. [24] .
The in situ zircon Hf isotope analyses were carried out at the State Key Laboratory for Geological Processes and Mineral Resources of China University of Geosciences, Wuhan, China. The Hf isotope analyses were performed using a Neptune Plus multicollector (MC)-ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) with helium as a carrier gas, coupled to a 193 nm GeoLas laser ablation system. The laser diameter was 44 µm and the output energy density was 5.3 J/cm 2 . Collection of the Hf and U-Pb data occurred at the same sample spots. Instrumental mass bias was corrected using standard GJ-1. The operating conditions and detailed analytical procedure are described in Hou et al. [25] . The 176 Hf/ 177 Hf weighted average of zircon standard sample GJ-1 was 0.282015 ± 28 (2 SD, n = 10), within error of the values reported in the literature [25, 26] . The data were calculated using the ICP-MS Data Calsoftware described in Hou et al. [25] and Liu et al. [27] .
The isotope samples were collected from both open pits and drill core. Pure single mineral (>95%) was selected for isotope analyses. Cu 2 O was used as oxidizing agent to react with the sulfide sample to produce SO 2 , which was frozen and collected for S isotope analysis by a MAT-251 mass spectrometer. The international standard V CDT (Meteorite sulfur from iron meteorites in Arizona and Dabilo canyon) was used. The accuracy was ±2‰. The Pb isotope analyses were determined using an IsoProbe-T thermal ionization mass spectrometer (TIMS, GV Instruments Ltd., Waltham, MA, USA). The Pb was separated and purified using a conventional cation-exchange technique with diluted HBr used as the eluant. The 208 Pb/ 206 Pb, 207 Pb/ 206 Pb, and 204 Pb/ 206 Pb ratios of the NBS981 Pb standard are 2.1681 ± 0.0008 (2σ), 0.91464 ± 0.00033 (2σ), and 0.059042 ± 0.000037 (2σ), respectively. The analyses were conducted at the Analytical Laboratory of Beijing Research Institute of Uranium Geology (BRIUG), Beijing.
The H-O isotope samples were collected from drill core. Eight mineral samples from different stages were selected for analysis. The size of the samples was around 20 mesh, with a purity of about 99.5%. The vacuum thermal explosion and zinc reduction methods were adopted to extract the hydrogen. Under vacuum conditions, and at 500-680 • C, the BrF 5 method was used to collect pure O 2 from quartz samples, which was transferred into CO 2 . The H and O isotope analyses were conducted at the Analytical Laboratory of BRIUG using MAT-253 mass spectrometry (Thermo Electron Corporation, Waltham, MA, USA). The error range of the H isotope analyses was 0.2‰. The error range of the O isotope analyses was 2‰.
Results
Whole-Rock Geochemistry
The major element analyses are listed in (Table 3) The trace element compositions of the Xiajinbao granite are presented in Table 4 and their spidergram patterns are shown in Figure 7a . The trace element spidergram patterns demonstrate fractional of the large-ion lithophile elements, resulting in enriched Rb, Ba and U contents and strongly depleted Nb, Ta, Sr, P, and Ti contents. These features are very similar to those of granites produced by crustal melting and subduction arc-derived granite magmas [28] . The LREE (Light rare earth elements) contents are strongly enriched, indicating that there is strong differentiation between the LREE and HREE (Heavy rare earth elements). The (Ce/Yb) N values range from 7.98 to 11.29, the (La/Yb) N values range from 22.17 to 32.294, and the (La/Sm) N values range from 17.70 to 21.60, indicating that strong differentiation has also occurred between the light and heavy rare earth elements ( Figure 7b ). 
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Results
Whole-Rock Geochemistry
Zircon Trace Elements and U-Pb Chronology
The CL images of zircons reveal idiomorphic shapes, with the development of oscillatory and rhythmical zoning ( Figure 8 ). The widths of these zones are relatively even, indicating that the temperature changed at relatively consistent rates during their crystallization. The zircon grains have diameters ranging from 50 to 350 µm, with length/width ratios ranging from 1:1-4:1. They are fresh and do not record evidence of hydrothermal alteration. 
The CL images of zircons reveal idiomorphic shapes, with the development of oscillatory and rhythmical zoning ( Figure 8 ). The widths of these zones are relatively even, indicating that the temperature changed at relatively consistent rates during their crystallization. The zircon grains have diameters ranging from 50 to 350 μm, with length/width ratios ranging from 1:1-4:1. They are fresh and do not record evidence of hydrothermal alteration. Zircons from different sources can have different Th and U contents. Magmatic zircons typically have high Th and U contents, and their Th/U ratios range from 0.1 to 1.0 [29, 30] and commonly above 0.5 [30] . Their trace element compositions (Table 5) have Th/U ratios between 0.46 and 0.74, indicating that the zircons have primary magmatic features. In addition, the rare earth element distribution of the zircons is also similar to those of magmatic zircons ( Figure 9 ). Therefore, the 16 zircons used for U-Pb isotopic dating are all of a magmatic origin and can be used to define the age of the granite. The results of the U-Pb chronological analyses of the Xiajinbao magmatic zircons are detailed in Table 6 . 
Hf Isotopic Compositions
The results of the zircon Hf isotopic analyses (Table 7 ) of the granite demonstrate that the 176 Lu/ 177 Hf ratios of both samples range from 0.000774 to 0.001561. These extremely low ratios imply that the zircons did not experience significant accumulation of radioactive Hf after crystallization. Zircons from different sources can have different Th and U contents. Magmatic zircons typically have high Th and U contents, and their Th/U ratios range from 0.1 to 1.0 [29, 30] and commonly above 0.5 [30] . Their trace element compositions (Table 5) have Th/U ratios between 0.46 and 0.74, indicating that the zircons have primary magmatic features. In addition, the rare earth element distribution of the zircons is also similar to those of magmatic zircons ( Figure 9 ). Therefore, the 16 zircons used for U-Pb isotopic dating are all of a magmatic origin and can be used to define the age of the granite. The results of the U-Pb chronological analyses of the Xiajinbao magmatic zircons are detailed in Table 6 . 
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The results of the zircon Hf isotopic analyses (Table 7 ) of the granite demonstrate that the 176 Lu/ 177 Hf ratios of both samples range from 0.000774 to 0.001561. These extremely low ratios imply that the zircons did not experience significant accumulation of radioactive Hf after crystallization. Calculations based on the ages of single zircons reveal that the 176 [31] . The δD values of the fluid can be obtained by analyzing the fluids trapped in the inclusions of the veins ( Table 8) 
S-Pb Isotope Compositions
The results of the S isotope analyses of the Xiajinbao gold deposit are listed in Table 9 . 
Discussion
Age of the Xiajinbao Granite and Related Au Mineralization
We present a new LA-ICP-MS zircon U-Pb age of the Xiajinbao granite of 157.8 Ma (Figure 10 ), which is similar to the metallogenic age (153.9 Ma, [6] ) derived from zircon and apatite fission track dating and the molybdenite Re-Os model age (164. 3 Ma, [7] ). The gold mineralization is also spatially associated with the intrusions (Figures 2 and 3) . Most of the gold deposits at Jidong are located within 0-5 km of granitic plutons [4, 5] . In addition, the metallogenic ages of most of the gold deposits in the Jidong area overlap with the granitic magmatism (Table 11 ). For example, the SHRIMP U-Pb age of the Yuerya granite is 174-175 Ma [32] ; the molybdenite Re-Os age of the Yuerya gold mineralization is 169. 8 Ma [33] ; the zircon LA-ICP-MS U-Pb age of the Tangzhangzi granite is 173 ± 2 Ma [21] ; the molybdenite Re-Os age of the Tangzhangzi gold mineralization is 170.1 ± 1.6 Ma [34] ; the SHRIMP U-Pb age of the Niuxinshan granite is 172-173 Ma [21, 32] ; the Ar-Ar age of the Niuxinshan (Huajian) gold mineralization is 175. 8 Ma [35] ; and the molybdenite Re-Os age of the Jinchangyu gold deposit is 223 ± 5 Ma. Song [5] infer that there may be a concealed middle Triassic intrusion associated with this deposit. 
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Magma Sources
The Nd/Th ratios of the Xiajinbao granite range from 2.46 to 2.90, which are similar to those of crust-derived rocks (≈3), but significantly different from those of mantle-derived rocks (>15) [36] , thus precluding their direct derivation from the mantle. In general, mantle-derived magmas are characterized by low Lu/Yb ratios (0.14-0.15), whereas the continental crust has relatively high Lu/Yb ratios (0.16-0.18) [37] . Hence, the high Lu/Yb ratios of the samples of 0.15-0.18 also suggest that the Xiajinbao granite is likely to represent the product of crust-derived magmas. Peraluminous granites are derived from partial melting of sedimentary rocks (e.g., silty sandstone, psammite, and graywacke) [38] . The CaO/Na 2 O ratio is a very important index for defining source components [28] . Peraluminous granites that form from argillaceous rocks have CaO/Na 2 O values of <0.3, and granitoids that form from psammite have CaO/Na 2 O values of >0.3 [28] . The CaO/Na 2 O ratios of the Xiajinbao granite range from 0.39-0.44, indicating that the magma was derived from psammitic rocks. On the Rb/Ba-Rb/Sr diagram (Figure 12a ) and the CaO/(FeO Total + MgO) − Al 2 O 3 /(FeO Total + MgO) diagram (Figure 12b ), the sample points also fall into the graywacke range of the clay-poor source region, indicating that this magma was derived from partial melting of crustal meta-sandstones. 
The Nd/Th ratios of the Xiajinbao granite range from 2.46 to 2.90, which are similar to those of crust-derived rocks (≈3), but significantly different from those of mantle-derived rocks (>15) [36] , thus precluding their direct derivation from the mantle. In general, mantle-derived magmas are characterized by low Lu/Yb ratios (0.14-0.15), whereas the continental crust has relatively high Lu/Yb ratios (0.16-0.18) [37] . Hence, the high Lu/Yb ratios of the samples of 0.15-0.18 also suggest that the Xiajinbao granite is likely to represent the product of crust-derived magmas. Peraluminous granites are derived from partial melting of sedimentary rocks (e.g., silty sandstone, psammite, and graywacke) [38] . The CaO/Na2O ratio is a very important index for defining source components [28] . Peraluminous granites that form from argillaceous rocks have CaO/Na2O values of <0.3, and granitoids that form from psammite have CaO/Na2O values of >0.3 [28] . The CaO/Na2O ratios of the Xiajinbao granite range from 0.39-0.44, indicating that the magma was derived from psammitic rocks. On the Rb/Ba-Rb/Sr diagram (Figure 12a ) and the CaO/(FeO Total + MgO) − Al2O3/(FeO Total + MgO) diagram (Figure 12b ), the sample points also fall into the graywacke range of the clay-poor source region, indicating that this magma was derived from partial melting of crustal meta-sandstones. (Figure 13a ). The zircon Hf isotopic compositions are relatively stable, indicating that the zircons were derived from one single source. On the 176 Hf/ 177 Hf-t diagram (Figure 13b) , the zircon Hf isotopic compositions also plot in a small range above the crustal evolution line, The zircon εHf(t) values of the Xiajinbao granite range from −10.913 to −7.5828. The Hf isotopic crust model ages (T DM2 ) range from 1496.64-1673. 63 Ma. The εHf(t) and T DM2 values of both samples exhibit relatively small variation (Figure 13a ). The zircon Hf isotopic compositions are relatively stable, indicating that the zircons were derived from one single source. On the 176 Hf/ 177 Hf-t diagram (Figure 13b ), the zircon Hf isotopic compositions also plot in a small range above the crustal evolution line, indicating that the Xiajinbao granite was derived from partial melting of crustal material. The T DM2 ages obtained from the zircon Hf isotope data are close to the ages (1400-1800 Ma) of the sediments of the Changcheng Formation. Therefore, it is likely that the melts were derived from a crustal source. Comparing the zircon Hf isotopic compositions (ε Hf (t)) of the different intrusions in the Jidong area reveals that the ε Hf (t) values of the late Triassic intrusions (e.g., the Dushan intrusion) are characterized by variable values, indicating that their magma sources represent mixtures between the mantle and the crust (Figure 13a ). The εHf(t) values (−13.4 to −10.8) of the middle-late Jurassic magmatic rocks (175-160 Ma) (e.g., the Baijiadian intrusion, 170.5 Ma [39] ) exhibit only small variations (Figure 13a ), which suggests that the Baijiadian granitic intrusion was also derived from partial melting of crustal material. (Figure 13a ), which suggests that the Baijiadian granitic intrusion was also derived from partial melting of crustal material. On the 207 Pb/ 204 Pb-206 Pb/ 204 Pb and the 208 Pb/ 204 Pb-206 Pb/ 204 Pb diagrams (Figure 14) , the Qingshankou granite, which formed during the second period (200-185 Ma), and the Yuerya and Niuxinshan granites, which formed during the third period (175-160 Ma), all plot close to the lower crust evolution line, indicating that the magmas shared a similar source, i.e., lower crustal material. As mentioned above, the Mesozoic magmatic events can be divided into three stages. The magma composition of the late Triassic magmatic rocks suggests mixing between mantle and crustal sources. The early Jurassic magmatic rocks are derived from melting of the lower crust, for example, the Qingshankou intrusion. The middle-late Jurassic magmatic rocks are derived from melting of lower crustal material, for example, the Yuerya and Niuxinshan granites, the Baijiadian intrusion and the Xiajinbao granite, respectively. On the 207 Pb/ 204 Pb-206 Pb/ 204 Pb and the 208 Pb/ 204 Pb-206 Pb/ 204 Pb diagrams (Figure 14) , the Qingshankou granite, which formed during the second period (200-185 Ma), and the Yuerya and Niuxinshan granites, which formed during the third period (175-160 Ma), all plot close to the lower crust evolution line, indicating that the magmas shared a similar source, i.e., lower crustal material. As mentioned above, the Mesozoic magmatic events can be divided into three stages. The magma composition of the late Triassic magmatic rocks suggests mixing between mantle and crustal sources. The early Jurassic magmatic rocks are derived from melting of the lower crust, for example, the Qingshankou intrusion. The middle-late Jurassic magmatic rocks are derived from melting of lower crustal material, for example, the Yuerya and Niuxinshan granites, the Baijiadian intrusion and the Xiajinbao granite, respectively. mentioned above, the Mesozoic magmatic events can be divided into three stages. The magma composition of the late Triassic magmatic rocks suggests mixing between mantle and crustal sources. The early Jurassic magmatic rocks are derived from melting of the lower crust, for example, the Qingshankou intrusion. The middle-late Jurassic magmatic rocks are derived from melting of lower crustal material, for example, the Yuerya and Niuxinshan granites, the Baijiadian intrusion and the Xiajinbao granite, respectively. [40] . Lead isotope data of the Huajian deposit are taken from Wang [41] ; Lead isotope data of the Dongliang deposit are from Xin et al. [42] ; Lead isotope data of the Jinchangyu deposit are from Lin and Guo [43] ; Lead isotope data of the Yuerya deposit are from Chappell [44] ; Lead isotope data of the Archean plagioclase hornblende gneiss are from Lin and Guo [43] , respectively. [40] . Lead isotope data of the Huajian deposit are taken from Wang [41] ; Lead isotope data of the Dongliang deposit are from Xin et al. [42] ; Lead isotope data of the Jinchangyu deposit are from Lin and Guo [43] ; Lead isotope data of the Yuerya deposit are from Chappell [44] ; Lead isotope data of the Archean plagioclase hornblende gneiss are from Lin and Guo [43] , respectively.
Petrogenesis of the Xiajinbao Granite Porphyry
Granitic rocks are commonly divided into I-, S-, M-and A-type granites based on the nature of their protolith; however, M-type granitic rocks are rarely reported. Various definitions are proposed by numerous researchers [44] [45] [46] [47] . Based on Na 2 O-K 2 O diagrams, previous studies concluded that the Xiajinbao granite porphyry represents an A-type granite [48] . However, A-type granites usually have very characteristic geochemical features (e.g., high FeO T /MgO ratios and high field strength element (HFSE) contents) [47] . The Zr values of the major minerals are low, suggesting that their crystallization had little impact on the Zr content of the evolving magma [49] . Due to the behavior of Zr relatively immobile during hydrothermal alteration, the variations in its contents are commonly used as an indicator for magmatic differentiation. On the Zr-FeO T /MgO diagram (Figure 15a ), the FeO T /MgO ratios and Zr values show a positive correlation, consistent with the evolved composition of the granites. A typical granitic melt has very little variation of Y/Ho values, which are typically close to the chondritic Y/Ho ratio (27.7 ± 1.9 [50] ). However, interactions between the rock and fluids could result in a wider range of variation of Y/Ho values [51] . The Y/Ho ratios of the Xiajinbao granitic porphyry range from 29.61 to 32.42, which are higher than that of chondrite (27.7 ± 1.9 [50] ), indicating that the magma experienced magma-fluid interaction during its evolution. On the Y/Ho-FeO T /MgO diagram (Figure 15b) , the FeO T /MgO and Y/Ho values show a positive correlation, indicating that the high FeO T /MgO ratios of the Xiajinbao granite could have resulted from interactions between the magma and fluids. The division of I-type and S-type granites is based on the magma source [45] . As mentioned above, the Xiajinbao granite represents a peraluminous rock (A/CNK = 0.89-1.13, averaging 1.422), which was derived from partial melting of the Changcheng meta-graywacke and thus can be classified as S-type granite. However, the Xiajinbao granite does not contain Al-rich minerals, such as cordierite, garnet, and primary muscovite. During magmatic differentiation, the P 2 O 5 contents of the Xiajinbao granite tend to decrease (Figure 15c) , in contrast to S-type granites [52] . Low P 2 O 5 content is a significant criterion for distinguishing I-type from S-type granites [28] . On the P 2 O 5 -Rb diagram (Figure 15d ), the Xiajinbao granite falls into the range of I-type granites.
The Source of Ore-Forming Materials
The δ 18 O H2O values of the quartz that formed during the early mineralization period range from 7.26-8.96‰, which are consistent with O isotope compositions (5.5-9.5‰) of magmatic water defined by Sheppard [53] . The δ 18 O H2O values of the quartz during the quartz-galena-sphalerite stage (Stage 2) and the quartz-polymetallic sulfide stage (Stage 3) from 2.34‰ to 2.74‰ and from 9.25‰ to −5.55‰, respectively, which are consistent with the O isotope composition of meteoric water, indicating an increasing influence of meteoric waters during the mineralization. On the δD-δ 18 O H2O plot (Figure 16 ), the samples from the Xiajinbao, Jinchangyu, Yuerya, Tangzhangzi, Dongliang and Huajian gold deposits all fall into the field of magmatic water or they range between magmatic and meteoric water, indicating that the hydrothermal fluids underwent mixing with meteoric waters during their evolution. magmatic differentiation. On the Zr-FeO /MgO diagram (Figure 15a ), the FeO /MgO ratios and Zr values show a positive correlation, consistent with the evolved composition of the granites. A typical granitic melt has very little variation of Y/Ho values, which are typically close to the chondritic Y/Ho ratio (27.7 ± 1.9 [50] ). However, interactions between the rock and fluids could result in a wider range of variation of Y/Ho values [51] . The Y/Ho ratios of the Xiajinbao granitic porphyry range from 29.61 to 32.42, which are higher than that of chondrite (27.7 ± 1.9 [50] ), indicating that the magma experienced magma-fluid interaction during its evolution. On the Y/Ho-FeO T /MgO diagram (Figure 15b ), the FeO T /MgO and Y/Ho values show a positive correlation, indicating that the high FeO T /MgO ratios of the Xiajinbao granite could have resulted from interactions between the magma and fluids. The division of I-type and S-type granites is based on the magma source [45] . As mentioned above, the Xiajinbao granite represents a peraluminous rock (A/CNK = 0.89-1.13, averaging 1.422), which was derived from partial melting of the Changcheng meta-graywacke and thus can be classified as S-type granite. However, the Xiajinbao granite does not contain Al-rich minerals, such as cordierite, garnet, and primary muscovite. During magmatic differentiation, the P2O5 contents of the Xiajinbao granite tend to decrease (Figure 15c) , in contrast to S-type granites [52] . Low P2O5 content is a significant criterion for distinguishing I-type from S-type granites [28] . On the P2O5-Rb diagram (Figure 15d ), the Xiajinbao granite falls into the range of I-type granites. 
The δ 18 OH2O values of the quartz that formed during the early mineralization period range from 7.26-8.96‰, which are consistent with O isotope compositions (5.5-9.5‰) of magmatic water defined by Sheppard [53] . The δ 18 OH2O values of the quartz during the quartz-galena-sphalerite stage (Stage 2) and the quartz-polymetallic sulfide stage (Stage 3) from 2.34‰ to 2.74‰ and from 9.25‰ to −5.55‰, respectively, which are consistent with the O isotope composition of meteoric water, indicating an increasing influence of meteoric waters during the mineralization. On the δD-δ 18 OH2O plot (Figure 16 ), the samples from the Xiajinbao, Jinchangyu, Yuerya, Tangzhangzi, Dongliang and Huajian gold deposits all fall into the field of magmatic water or they range between magmatic and meteoric water, indicating that the hydrothermal fluids underwent mixing with meteoric waters during their evolution. Figure 16 . Oxygen and hydrogen isotope compositions of quartz and ore-forming fluids from the Jidong gold deposits. Oxygen and hydrogen isotope data of the Huajian deposit are from Shi [41] and Wang [54] ; Oxygen and hydrogen isotope data of the Dongliang deposit are from Xin et al. [42] ; Oxygen and hydrogen isotope data of the Jinchangyu deposit are from Zhang et al. [55] ; Oxygen and hydrogen isotope data of the Yuerya deposit are from Jie [56] ; Oxygen and hydrogen isotope data of the Tangzhangzi deposit are from He [57] .
Ohmoto [58] suggests that the δ 34 S values of hydrothermal sulfides are functions of the δ 34 S values of the hydrothermal fluids, oxygen fugacity (fo2), temperature, pH, and ionic potential, i.e., δ 34 Smineral = f(δ 34 S∑S, fo2, T, pH, I). The δ 34 S values of the hydrothermal minerals depends not only on the δ 34 S values of the source region, but also on the physical and chemical conditions during the transport and precipitation of sulfur in the hydrothermal fluid. Ohmoto [59] suggests that the δ 34 S values of the hydrothermal fluid should be similar to those of the sulfides, namely, δ 34 S∑S ≈ δ 34 Ssulfide, in a hydrothermal system with a relatively simple mineral assemblage in the absence of sulfates. No Figure 16 . Oxygen and hydrogen isotope compositions of quartz and ore-forming fluids from the Jidong gold deposits. Oxygen and hydrogen isotope data of the Huajian deposit are from Shi [41] and Wang [54] ; Oxygen and hydrogen isotope data of the Dongliang deposit are from Xin et al. [42] ; Oxygen and hydrogen isotope data of the Jinchangyu deposit are from Zhang et al. [55] ; Oxygen and hydrogen isotope data of the Yuerya deposit are from Jie [56] ; Oxygen and hydrogen isotope data of the Tangzhangzi deposit are from He [57] .
Ohmoto [58] suggests that the δ 34 S values of hydrothermal sulfides are functions of the δ 34 S values of the hydrothermal fluids, oxygen fugacity (f o 2 ), temperature, pH, and ionic potential, i.e., δ 34 S mineral = f(δ 34 S ∑S , f o 2 , T, pH, I). The δ 34 S values of the hydrothermal minerals depends not only on the δ 34 S values of the source region, but also on the physical and chemical conditions during the transport and precipitation of sulfur in the hydrothermal fluid. Ohmoto [59] suggests that the δ 34 S values of the hydrothermal fluid should be similar to those of the sulfides, namely, δ 34 S ∑S ≈ δ 34 S sulfide , in a hydrothermal system with a relatively simple mineral assemblage in the absence of sulfates. No sulfate minerals were found at the Xiajinbao gold deposit, and its mineral composition is relatively simple, mainly comprising quartz, pyrite, galena, sphalerite and chalcopyrite. Therefore, its sulfide composition should represent the total sulfur composition of the hydrothermal system. The δ 34 S values of the Xiajinbao deposit (−0.2 to 3.7‰) are similar to those of a magmatic-hydrothermal system (0 ± 5‰ [58] ) and slightly lower than those of the crust (mean +7‰ [60] ), indicating that the sulfur of the Xiajinbao deposit was derived from magmatic-hydrothermal sources. Additionally, the sulfide isotope compositions of other gold deposits such as the Jinchangyu, Yuerya, Tangzhangzi, Dongliang and Huajian gold deposits all fall into the range of 0 ± 5‰, indicating that Mesozoic magmatism also provided a source of sulfur for the formation of these gold deposits. On the S isotope distribution diagram (Figure 17 ), the S isotope compositions of the above-mentioned gold deposits plot close to the S isotopic composition of the Archean plagioclase hornblende gneisses, indicating that these gneisses also provided a source of sulfur for the gold deposits at Jidong. the S isotopic composition of the Archean plagioclase hornblende gneisses, indicating that these gneisses also provided a source of sulfur for the gold deposits at Jidong. Figure 17 . Sulfur isotope compositions of quartz and ore-forming fluids from the Jidong area. Sulfur isotope data of the Huajian deposit are from Shi [41] and Wang [54] ; Sulfur isotope data of the Dongliang deposit are from Xin et al. [42] ; Sulfur isotope data of the Jinchangyu deposit are from Zhang et al. [55] ; Sulfur isotope data of the Yuerya deposit are from Jie [56] ; Sulfur isotope data of the Tangzhangzi deposit are from He [57] ; Sulfur isotope data of the Archean plagioclase hornblende gneiss stratum are from Lin and Guo [43] .
On both the 207 Pb/ 204 Pb-206 Pb/ 204 Pb diagram and the 208 Pb/ 204 Pb-206 Pb/ 204 Pb diagram (Figure 14) , the data (from the Xiajinbao, Jinchangyu, Yuerya, Tangzhangzi, Dongliang and Huajian gold deposits) form a clear linear relationship. In a 2-end-member system, all Pb isotope data fall on a line between two end members. In a 3-end-member system, all data plot in the triangular zone defined by three end members [61] . Therefore, Figure 14 showing linear relationship suggests that the source of Pb in these deposits likely originated two end members. The Pb isotopic compositions of the Xiajinbao, Jinchangyu, Yuerya, Tangzhangzi, Dongliang, and Huajian gold deposits in this area are not only related to the granitic magma, both temporally and spatially, but are also close to those of the Archean plagioclase hornblende gneiss ( Figure 14) . Overall, the S and Pb compositions of the Jidong gold deposits are all derived from the Mesozoic granitic magma and the Archean plagioclase hornblende gneisses.
Origin of the Granite Porphyry and Related Xiajinbao Au Mineralization
The magmatic age (157 Ma) corresponds to the simultaneous movement of several plates (i.e., Figure 17 . Sulfur isotope compositions of quartz and ore-forming fluids from the Jidong area. Sulfur isotope data of the Huajian deposit are from Shi [41] and Wang [54] ; Sulfur isotope data of the Dongliang deposit are from Xin et al. [42] ; Sulfur isotope data of the Jinchangyu deposit are from Zhang et al. [55] ; Sulfur isotope data of the Yuerya deposit are from Jie [56] ; Sulfur isotope data of the Tangzhangzi deposit are from He [57] ; Sulfur isotope data of the Archean plagioclase hornblende gneiss stratum are from Lin and Guo [43] .
The magmatic age (157 Ma) corresponds to the simultaneous movement of several plates (i.e., the Siberia plate, the Mongolia-Northern China plate and the Paleo-Pacific plate), which caused intra-continental collision and orogenic movement along the northern margin of the North China plate, resulting in crustal compression and thickening [62] [63] [64] [65] [66] [67] [68] [69] [70] . The simultaneous subduction of several plates (i.e., the Siberia plate, the Mongolia-Northern China plate and the Paleo-Pacific plate, [62] [63] [64] [65] [66] [67] [68] [69] [70] ) caused the continuous thickening and partial melting of the Changcheng meta-graywacke in this area, resulting in the formation of Au-rich granitic magmas. The magmatic-hydrothermal brines associated with I-type magmas can transport the metals, including gold, and sulfur required for ore formation [71] . When primitive magmatic fluids migrated along structures, the metals from the Archean plagioclase hornblende gneiss were leached, thus forming the metallogenic fluids. Under medium to low temperatures, gold is usually transported as Au-S(H) complexes such as Au(HS) 2− [72, 73] . As a result of a decreasing temperature or a sudden pressure release, the gold-bearing complexes were destabilized, resulting in the precipitation of gold [8] . The remaining S 2and Fe 2+ precipitated as pyrite, forming the early stage auriferous pyrite-quartz veins. As the metallogenic process continued, there was an influx of meteoric water. The mixing process of the fluids was accompanied by oxidation and the loss of H 2 S, which were the main reasons for the destabilization of the gold-bearing sulfide complexes in the middle-late-stage quartz veins [74] . The remaining S 2combined with metals such as Cu 2+ , Fe 2+ , Pb 2+ and Zn 2+ to precipitated as chalcopyrite, galena and sphalerite.
Many scholars believe that the Xiajinbao gold deposit belongs to a porphyry-type gold deposit because (1) its metal contents are mainly derived from the Xiajinbao granite intrusion [8, 9, 48] ; (2) its metallogenic fluids have high salinity, similar to porphyry deposits [8] ; (3) the Sb and Bi contents in the auriferous galena are similar to those of some porphyry-type deposits in the Western Henan Province [75] ; and (4) the auriferous pyrite has high contents of Cu, Pb, Zn, Sb, Ag, and Au, which is similar to pyrite from mesothermal gold deposits and porphyry deposits [9] . The Xiajinbao gold deposit also shows many features similar to those of intrusion-related gold deposits, while porphyry Cu-Au deposits are generally associated with dominantly oxidized, magnetite-series and less fractionated calc-alkaline to alkaline magmatic suites that have affinities with magmatic and/or island arcs (e.g., References [76, 77] ), intrusion-related Au deposits are associated with more reduced I-type, calc-alkaline intrusions [78] . Compared with the more oxidized and less fractionated granitoids associated with porphyry systems [79, 80] , the Xiajinbao Au deposit is associated with highly fractionated (high Rb/Sr ratios of 0.40 to 0.74, Avg. 0.58) I-type granitoids; additionally, the Xiajinbao granitic magma also exhibits low oxidation states [81] . In contrast to porphyry Cu-Au systems, which are generated in subduction-related settings, the Xiajinbao Au deposit formed in a complex tectonic setting during the simultaneous movement of several plates (i.e., the Siberia plate, the Mongolia-Northern China plate and the Paleo-Pacific plate), similar to the intrusion-related Au deposits of the Yilgarn Craton that are located in a tectonic setting inboard of a convergent plate margin [82] [83] [84] . (3) In general, ore-zone geometries mainly depend on the overall form of the host stock or dike complex [85, 86] . However, the gold ore bodies in this area are mainly distributed as parallel veins that are NW-dipping, NE-striking, and structurally controlled by NE-striking faults (Figures 2 and 3) , which is inconsistent with typical porphyry-type deposits [86] . By contrast, these ore bodies show features of intrusion-related gold deposits, such as the Tintina gold belt in Yukon, Canada [78, 87] . The spatial pattern of the wall rock alteration of the Xiajinbao deposit is controlled by F 2 faults, showing an NNE-striking orientation (Figure 2 ). In addition, the spatial distribution of alteration at Xiajinbao does not show alteration pattern of porphyry-type deposits. The alteration types in this area include K-alteration and Na-alteration pre-dating the metallogenic stage and silicification, sericitization, carbonization, and kaolinization during the main metallogenic stage, which are similar to those observed in other intrusion-related gold deposits. Furthermore, gold precipitation is always closely related to sericitization [78] . (5) The hydrothermal fluids are characterized by moderate temperatures, moderate to low salinities, low alkali contents, low f O 2 and high CO 2 contents [48] . These characteristics are all similar to those of the metallogenic fluids from intrusion-related gold deposits and different from those from porphyry-type deposits [78] .
Evolution of the Mesozoic Gold Mineralization in the Jidong Area
During the Archean, the crust was relatively thin and active, accompanied by intensive magmatic activity. Basic to ultra-basic volcanic rocks were formed. As a result of regional metamorphism, the mafic plagioclase hornblendite gneisses with high Au background values formed [4, 9, 88] .
After the late Paleozoic, the area was affected by several plate subduction collision events (i.e., the Siberia plate, the Mongolia-Northern China plate and the Paleo-Pacific plate, [62] [63] [64] [65] [66] [67] [68] [69] [70] ), including the closure of the Paleo-Pacific Ocean, the closing of the Mongolia-Okhotsk Ocean, and the subduction of the Paleo-Pacific Ocean [62] [63] [64] . After the closure of the Mongolian plate and the Northern China plate along the Sauron suture during the late Permian [24, 89] , the eastern Hebei area (on the northeastern edge of the Yanshan tectonic belt) was subject to post-collisional extension [90, 91] . Meanwhile, asthenospheric mantle upwelling transformed the lower crust. Mantle-derived magma underplated the bottom of the lower crust, triggering intensive mantle-crust interaction and inducing partial melting of the ancient lower crust [91]. The mantle-crust-derived magma intruded along fractures, marking the first episode of magmatic activity at ca. 225-205 Ma and the first episode of gold mineralization at about ca. 223-210 Ma (Figure 18a ) during the Mesozoic. When the magma intruded into metamorphic rock strata, the differentiated magmatic water transformed the primitive ore source strata (Archean plagioclase hornblende gneiss) and leached the gold from the strata. Hydrothermal fluids associated with magmatism formed the Jinchangyu gold deposit [88] . (Figure 18a ) during the Mesozoic. When the magma intruded into metamorphic rock strata, the differentiated magmatic water transformed the primitive ore source strata (Archean plagioclase hornblende gneiss) and leached the gold from the strata. Hydrothermal fluids associated with magmatism formed the Jinchangyu gold deposit [88] . During the early Jurassic, the Northern China-Mongolia plate collided with the Siberia plate, and the Mongolia-Okhotsk Ocean gradually closed from west to east [65] [66] [67] . This resulted in the NE compression and the formation of the Yanshanian orogenic belt, leading to the thickening and melting of the crust and resulting in the early Jurassic magmatic activity in this area, such as the Qingshankou granite. During the middle-late Jurassic, the Paleo-Pacific plate subducted beneath the Northern China plate along a NW trench [67] [68] [69] [70] . The simultaneous subduction of several plates caused the continuous thickening of the crust along the northern margin of the Northern China plate during the middle and late Jurassic. As a result, the magma derived from partial melting of the crust intruded along fractures, resulting in the 175-160 Ma magmatic activity of this area (e.g., the Xiajinbao granite porphyry, Baijiadian granite, Yuerya granite, and Niuxinshan granite) as well as the second phase of gold metallogenesis (ca. 175-155 Ma) ( Figure 18b ). Different magmatic emplacement mechanisms resulted in gold deposits of different types: (1) when the magma experienced a cryptoexplosion during its intrusion, it would result in the formation of a cryptoexplosion-type gold (molybdenum) deposit-vein-type gold deposit hosted by phreatic breccias or by granite porphyry breccias, such as the Tangzhangzi gold deposit [34] ; (2) when the magma was emplaced within a clastic sediment (meta-sandstone), it would result in the formation of a hydrothermal gold deposit, intrusion-related gold deposit and/or porphyry-type gold deposit, such as the Huajian gold deposit [54] , the Dongliang gold deposit [92], the Yuerya gold deposit (part of the ore bodies) [56] , and the Xiajinbao gold deposit, respectively; (3) when the magma was emplaced into a chemically reactive stratum (e.g., limestone), it would result in the formation of skarn-type gold deposits, such as the Yuerya gold skarn [56] . During the early Jurassic, the Northern China-Mongolia plate collided with the Siberia plate, and the Mongolia-Okhotsk Ocean gradually closed from west to east [65] [66] [67] . This resulted in the NE compression and the formation of the Yanshanian orogenic belt, leading to the thickening and melting of the crust and resulting in the early Jurassic magmatic activity in this area, such as the Qingshankou granite. During the middle-late Jurassic, the Paleo-Pacific plate subducted beneath the Northern China plate along a NW trench [67] [68] [69] [70] . The simultaneous subduction of several plates caused the continuous thickening of the crust along the northern margin of the Northern China plate during the middle and late Jurassic. As a result, the magma derived from partial melting of the crust intruded along fractures, resulting in the 175-160 Ma magmatic activity of this area (e.g., the Xiajinbao granite porphyry, Baijiadian granite, Yuerya granite, and Niuxinshan granite) as well as the second phase of gold metallogenesis (ca. 175-155 Ma) ( Figure 18b ). Different magmatic emplacement mechanisms resulted in gold deposits of different types: (1) when the magma experienced a cryptoexplosion during its intrusion, it would result in the formation of a cryptoexplosion-type gold (molybdenum) deposit-vein-type gold deposit hosted by phreatic breccias or by granite porphyry breccias, such as the Tangzhangzi gold deposit [34] ; (2) when the magma was emplaced within a clastic sediment (meta-sandstone), it would result in the formation of a hydrothermal gold deposit, intrusion-related gold deposit and/or porphyry-type gold deposit, such as the Huajian gold deposit [54] , the Dongliang gold deposit [92], the Yuerya gold deposit (part of the ore bodies) [56] , and the Xiajinbao gold deposit, respectively; (3) when the magma was emplaced into a chemically reactive stratum (e.g., limestone), it would result in the formation of skarn-type gold deposits, such as the Yuerya gold skarn [56] . 
Conclusions
